The total concentrations of free phenolic compounds and peroxidase were determined in spikes (collected at the flowering stage) of some spelt and common wheat cultivars differing in their response to F. culmorum infection. The antifungal activity of methanol extracts obtained from spikes was also evaluated. The tested genotypes differed significantly in their response to inoculation. The most resistant were Torka and Zebra among common wheat cultivars, and Weisser Grannenspelz among spelt cultivars. The average content of free phenolic compounds in spikes of spelt and common wheat was 1246.56 µg g −1 and 1236.58 µg g −1 , respectively. The cultivars whose spikes contained the largest amounts of phenols showed the weakest response to F. culmorum infection. No significant differences were observed with regard to peroxidase content, which was 5.22 U g −1 in common wheat spikes and 5.14 U g −1 in spelt spikes. Methanol extracts from spikes of all wheat cultivars contained antifungal substances. The extracts from spelt spikes inhibited the growth of F. culmorum on PDA to a lesser degree than the extracts from common wheat spikes. This corresponds to the results of field trials, in which T. spelta generally exhibited a stronger response to F. culmorum infection than common wheat. The high correlation (r = 0.816) between mycelium growth inhibition on the medium and F. culmorum infection indicates that an evaluation of the antifungal activity of extracts from spikes may be used for the selection of breeding materials directed towards increased resistance to Fusarium head blight.
Introduction
High-yielding common wheat cultivars grown in accordance with modern technology, which is today employed also in conventional agricultural systems, have a low nutritive value, unsatisfactory health-promoting properties and poor resistance to pathogens. In addition, these cultivars are often closely related and have a relatively narrow genetic base (Hoffmann et al. 1985) . Thus, wheat breeders continuously search for new sources of resistance and high processing quality of grain. Spelt (Triticum spelta L.) has been in the centre of their attention for years (Stallknecht et al. 1996) . This cereal is less demanding than common wheat in terms of soil and climate requirements, and can be grown even in regions known for adverse weather conditions (Rüegger et al. 1990; Moudry 1999) . Spelt grain has high concentrations of protein of high biological value (Chrenkova et al. 2001) as well as of minerals (mostly zinc, copper and magnesium) (Grela 1996) and phytosterols (Rozenberg et al. 2003) . Spelt flour may be used for making bread and high-quality pasta (Marconi et al. 1999) . Another advantage of spelt is its considerable resistance to pathogens, particularly fungi, which permits its use as valuable initial material for common wheat breeding (Schmid et al. 1994) . Due to the great economic significance of wheat, particular attention should be paid to its health management as well as to the threat posed by fungal pathogens, including species of the genus Fusarium causing Fusarium head blight (FHB). In Central and Central-Eastern Europe FHB is caused primarily by F. culmorum (W.G.Smith) Sacc. (Parry et al. 1995) , which attacks wheat spikes at the flowering stage. As a result, the grain may be shrivelled and discoloured, with a high toxin content, especially trichothecenes of group B (Che lkowski 1989; Perkowski et al. 2002) . Information on the response of spelt cultivars to the infection by pathogens causing FHB is scant. Previous results (Wiwart et al. 2004) show that the response of this cereal to spike infection is slightly stronger than that of common wheat, which may be related to the fact that husked spelt grains create more favourable conditions for pathogen growth, or to the lack of phytochemical substances responsible for resistance in the spike and grain. The resistance to FHB is of polygenic nature and may vary 472 E. Suchowilska et al.
widely depending on environmental conditions (Snijders 1990) . It is highly probable that this kind of resistance may be determined phytochemically by phenolic compounds (particularly phenolic acids) found in spike tissues and kernels (McKeehen et al. 1999) . AbdelAal et al. (2001) demonstrated that there exists a significant correlation between ferulic acid concentration in wheat grain and resistance to FHB. The interrelation between the presence of phenolic compounds in plant tissues and resistance to fungal pathogens has been determined long ago (Bennett & Wallsgrove 1994) . Phenols participate in the process of cell wall lignification which provides a physical barrier against invading pathogens. Phenols-saturated cell walls become more resistant to cytolytic enzymes produced by pathogens. Moreover, lignification slows down the diffusion of toxins contributing to pathogenesis, and restricts nutrient uptake by pathogens from the host cell (Siranidou et al. 2002) . The following enzymes take part in transformations of phenolic compounds in plants: phenylalanine ammonia-lyase, peroxidase and phenolic oxidases (Kunaeva 1986) . Quinones are the most toxic of all products of enzymatic oxidation of phenols, but their defence function in plant tissues is limited by their low stability and low concentration (Metlicki & Ozerereckovskaja 1984) . The activity of enzymes participating in the metabolism of phenolic compounds, particularly of peroxidase, is often related to plant resistance against pathogens. In addition, peroxidase is able to oxidize phenolic toxins produced by microbes, and contributes to cell wall lignification in host plants (Mohammadi & Kazemi 2002) .
The aim of this study was to determine a variability of common wheat (Triticum aestivum) and spelt (Triticum spelta) cultivars with respect to their resistance to spike infection with F. culmorum as well as to the antifungal activity and concentrations of phenolic compounds and peroxidase in spike tissues, associated with wheat resistance to pathogens of the genus Fusarium.
Material and methods
The experimental material comprised cultivars of spring common wheat (Triticum aestivum ssp. vulgare L): Kontesa, Torka, Hena, Helia, Broma, and spelt (Triticum aestivum ssp. spelta L.): Lohnauer Sommerspelz, Roter Sommerkolben, Blauer Samtiger, Weisser Grannespelz, Spelz aus Tzari Brod, whose seeds were obtained from the National Centre for Plant Genetic Resources at the Plant Breeding and Acclimatization Institute in Radzików (Poland). The infection material consisted of F. culmorum isolate I1 (identified according to Nelson et al. 1983 ) from the collection of the Department of Plant Breeding and Seed Production, University of Warmia and Mazury in Olsztyn.
The response of the tested cultivars to infection was evaluated in a field experiment established in a randomized complete block design, in three replications. At full flowering, 30 spikes selected randomly of each replication were sprayed with an aqueous suspension containing F. culmorum conidia at a concentration of 5 ×10 5 mL −1 . Inoculated spikes were covered with polyethylene bags for 48 hrs. Untreated (non-inoculated) spikes served as the control. The plants were harvested at the full ripeness stage. Biometric measurements included grain weight per spike and thousand grain weight. Results were analyzed by a two-factorial analysis of variance, and the differences between means were estimated by the Student-Newman-Kuels (SNK) multiple test.
The concentration of free phenolic compounds in control spikes collected at full flowering was determined using the Folin-Ciocalteau reagent. 5 g samples were homogenized with 25 mL of TRIS-HCl buffer (pH 8.6). The homogenate was strained and deep-frozen (−20
• C). After thawing, the material was centrifuged (10 min, 4000 × g). 2 mL of a supernatant was taken of each sample and filtrated following the addition of 2 mL of 10% trichloroacetic acid (TCA). The filtrates were used to prepare 1:5 and 1:10 dilutions. 2 mL of the Folin-Ciocalteau reagent and 1 mL of 15% Na2CO3 were added to 2 mL of the solution, and the mixture was heated in a water bath (10 min, 37
• C). In the control, 2 mL of Sörensen buffer were used instead of the sample. Measurements were performed at a wavelength of 630 nm (Spectromon 195D) .
Peroxidase content was determined in material prepared in the same way as for the analysis of free phenolic compounds. 1:20 and 1:40 dilutions were made in Sörensen buffer, and then 0.25 mL samples were taken, to which 2.1 mL of Sörensen buffer, 0.05 mL of 1% pyrogallol (Sigma) and 0.05 mL of 1% H2O2 were added. After 15 min, 0.05 mL of 2% ascorbic acid (Sigma) was added. In the control, Sörensen buffer was used instead of the sample. Measurements were performed at a wavelength of 470 nm (Spectromon 195D) . One unit of peroxidase activity (U) was defined as the increase of one unit of absorbance per minute, and the enzymatic activity was referred to fresh weight of heads (U g −1 ). The antifungal activity of substances contained in methanol extracts obtained from spikes was tested by the modified agar plate method developed for evaluating the activity of antibiotics and other substances showing antifungal properties (http://www.mycology.adelaide.edu.au/ Laboratory Methods/Antifungal Susceptibility Testing/ methods.html). The experimental material comprised spikes collected as described above, air-dried and ground in a laboratory mill (U 40, type 651). 5 g samples were extracted with methanol in a Soxhlet extractor. The extracts were brought to a volume of 3 mL, added to sterile PDA (Merck) at a temperature of about 50
• C (1.5 mL per 30 mL) and next poured into sterile Petri dishes (Saarstedt), 10.5 mL per dish. After solidification of the medium, a small disk overgrown with mycelium, cut out from seven-day-old PDA cultures of F. culmorum, was placed in the centre of each Petri dish. Starting from the second day of the experiment, the dishes were scanned daily (HP 4500c scanner), and cultures areas were measured using ImageJ 1.32 program (http://rsb.info.nih.gov/ij/).
Results
Artificial inoculation of common wheat and spelt spikes with F. culmorum caused a significant decrease in grain weight per spike and thousand grain weight in all tested genotypes. This decrease was more considerable in spelt than in common wheat, but the difference was slight (Table 1) . In both years the weakest response to the infection was recorded in the common wheat cultivar Torka (mean decrease in grain weight per spike and thousand grain weight was 38.67% and 15.62%, respectively) and in the spelt cultivar Weisser Grannenspelz (29.50% and 25.25%). The other four spelt cultivars responded by a substantial decrease in grain weight per spike and thousand grain weight, and cv. Hena was found to be the most susceptible to the inoculation.
The evaluation of the antifungal activity of methanol extracts from spikes shows that the surface area of F. culmorum mycelium was different in particular cultivars of common wheat and spelt, as well as on particular days of analysis ( Table 2 ). The growth rate of fungal cultures was faster in media containing methanol extracts from spelt spikes (mean surface area of 33.84 cm 2 ) than in those containing extracts from common wheat spikes (mean surface area of 29.56 cm 2 ). The growth of the fungus was inhibited to the greatest extent by the application of methanol extracts from spikes of cv. Torka (mean surface area of 27.41 cm 2 ). The smallest differences in the mycelium surface area were observed on the second day of culturing, while on day 6 the entire surface of the medium was overgrown by the fungus (66.00 cm 2 ). The above results correspond with the results of Table 3 . Parameters of linear regression equations (y = bx + a) and values of R 2 for the growth dynamics of F. culmorum mycelium on PDA containing methanol extracts from spikes of the tested common wheat and spelt cultivars. field trials, in which spelt was found to be more susceptible to the infection than common wheat, and cv. Torka and cv. Weisser Grannenspelz showed the weakest response to the pathogen. There was also a strong correlation between the surface area of F. culmorum mycelium and the decrease in thousand grain weight after infection (r = 0.816), and a very weak correlation between the surface area of F. culmorum mycelium and the decrease in grain weight per spike (r = 0.264).
The results of measurements performed on subsequent days of the experiment were subjected to analysis of regression, and equations of the y = bx + a type were derived (Table 3 ). In all cases there existed a very strong linear trend (R 2 > 0.948) and considerable similarity between the values of regression coefficient b (13.751 to 14.417). This indicates comparable growth dynamics of F. culmorum on media with extracts from various cultivars, and may suggest the lack of qualitative differences concerning the presence of potentially antifungal substances in spikes, pointing to quantitative differences only.
The average content of phenolic compounds in common wheat spikes was 1236.58 µg g −1 , and cv. Broma contained the largest amounts of these substances (1500.60 µg g −1 ) ( Table 4) . Spelt spikes had a slightly higher phenol content (1246.56 µg g −1 ), and their maximum concentration was recorded in cv. Blauer Samtiger (1519.9 µg g −1 ). Spikes of this cultivar have blue-violet glumes and lemmas and paleas, which results from high anthocyanins content. Doubtlessly, this affected the experimental results. The negative correlation between the concentration of free phenols and the decrease in thousand grain weight after infection (r = −0.577, p ≤ 0.05) suggests that some defence mechanisms of common wheat and spelt against Fusarium head blight may be determined by the presence of phenolic compounds in spikes at the flowering stage.
The mean peroxidase content of spelt and common wheat spikes was comparable. Except for Broma (9.57 U g −1 ), the cultivars did not differ significantly in this respect. There was a positive correlation between the concentrations of peroxidase and phenols (r = 0.674).
Discussion
Spelt grain has received publicity in recent years mostly because of its health-promoting (prohealth) properties. However, the resistance of this cereal species to fungal pathogens, especially those attacking spikes and grains, seems to be equally important. The paper presents the results of a study whose aim was to determine relationships between the concentrations of phenolic compounds and peroxidase and the antifungal activity of methanol extracts obtained from spikes and the re-sponse of spelt and common wheat to spike infection by F. culmorum.
According to the scant data on the response of spelt to spike infection with pathogens of the genus Fusarium (Wieser et al. 1998; Wiwart et al. 2004 ), this cereal is slightly more susceptible to the infection than common wheat, and mycotoxin accumulation (including DON) in grain of both cereals is at a similar level. Results that revealed a varied response of five spelt cultivars to F. culmorum infection provided the basis for a preliminary phytochemical analysis of substances that potentially could be responsible for the inhibition and delay of infection and pathogen development in spelt spike tissues. Spelt spikes were collected during flowering, at the moment of artificial inoculation. The antifungal substances potentially contained in spikes at that stage may determine pre-infection resistance to F. culmorum. Most studies on phenolic compounds present in wheat tissues have focused on phenolic acids, especially ferulic acid, contained in grain (Klepacka & Fornal 2006) . McKeehen & Fulcher (1998) found that elevated levels of ferulic acid in wheat grain may be associated with increased resistance to FHB.
The concentration of phenolic compounds in spikes of T. aestivum and T. spelta ranged from 1027.70 µg g −1 to 1519.90 µg g −1 . Siranidou et al. (2002) reported a lower content of free phenols in spring wheat heads (below 700 µg·g −1 ), and demonstrated that the concentration of these compounds in spikes of cv. Frontana, resistant to FHB, was approximately threefold higher than in spikes of cv. Agent, susceptible to FHB. Our results also revealed a strong correlation between the response to infection (reflected by a decrease in grain weight per spike and thousand grain weight) and phenols content, and confirmed the key role played by the above substances in defence mechanisms determining wheat resistance to FHB (McKeehen & Fulcher 1998; McKeehen et al. 1999) .
Peroxidases (POX) participate in some processes contributing to cell wall formation, such as phenol oxidation or suberization and lignification of cell walls, enabling to increase cell resistance to invading pathogens (Mohammadi & Kazemi 2002) . Basic heme-peroxidase (WP1) found in wheat grain also exhibits certain antifungal activity against pathogens, including F. culmorum (Caruso et al. 2001 ). However, the higher average content of this enzyme observed in spelt, as compared to common wheat, was not directly related to increased general resistance of this cereal species to infection under field conditions. Cultivars with the highest peroxidase content did not show increased resistance to F. culmorum, either. Unfortunately, there is no information available on the comparison of peroxidase activity in spelt and common wheat spikes.
Differences in the rates of F. culmorum growth inhibition by substances (primarily phenolic compounds) present in methanol extracts from spikes of particular cultivars suggest that these metabolites may potentially determine resistance against this pathogen. Similar dynamics of mycelium growth recorded in all tested genotypes points to quantitative rather than qualitative changes in the composition of antifungal substances contained in spikes. It is interesting that the correlation between the concentration of phenolic compounds and mycelium growth inhibition and a decrease in thousand grain weights is stronger than in the case of a decrease in grain weight per spike. This may indicate that phenolic compounds play a certain role in the expression of some types of resistance to FHB. Among five types and components of this resistance, Mesterhazy (1995) distinguished, among others, the resistance of developing kernels that manifested itself by a lower percentage of Fusarium damaged kernels (FDK), i.e. by the development of healthy, non-infected kernels despite spike inoculation with pathogens of the genus Fusarium. Therefore, the obtained results may confirm the fact that phenolic compounds found in spikes at flowering contribute to the expression of this type of resistance. In turn, the lack of a significant correlation between phenols content and a decrease in grain weight per spike may suggest that these substances do not contribute considerably to resistance against primary infection (type I resistance, Schroeder & Christensen 1963; Mesterhazy 1995) .
The close interrelation between the evaluation of mycelium growth dynamics and the response of the tested genotypes of T. aestivum and T. spelta to infection under field conditions indicates the possibility of devising a simple and inexpensive laboratory method that would allow to estimate the resistance of these cereals to F. culmorum infection at flowering.
